I NTRODUC TI ON
Reacted thi n films are often util i zed as contacts or heterostructure layers in compound semiconductor photonic and electronic devices. The attractiveness of reacted thin films for these applications stems largely from the adherence of the film and the cleanliness of the interface which result from the consumption of the semiconductor surface region during the reaction. However, implementation of reacted thi n films necess itates the accurate control of reacted film morphologies in order to satisfy performance and stabil ity criteri a. For some appl icat ions, such as Schottky barriers, the ability to fabricate reacted thin films consisting of a single phase may be essential in obtaining and retaining controllable and reproducible electrical properties.
Such stringent requirements, however, may be difficult to satisfy since reactions on compound semiconductor surfaces are inherently complicated, even in the simplest cases, due to the involvement of a minimum of three atomic species. For example the introduced reacting species, be they deposited metal atoms, gaseous molecules or ions in an aqueous solution, may react preferentially with one component of the compound semiconductor. As will be illustrated below, the resulting morphologies can be quite complex. In order to fully understand these reactions, one must identify the product phases (s tructure and compos i t i on) and determi ne the factors wh i ch i nfl uence the distribution of these phases. It is in this regard that .transmission electron microscopy (TEM) and related techniques prove valuable.
In this paper, the application of TEM techniques to the study of reactions on compound semiconductor surfaces [1J is discussed. Specific examples are used to illustrate the role of TEM in generating the experimental data necessary to understand a thin film reaction.
APPLICATION OF TEM
Depth profiling techniques such as Rutherford backscattering spectrometry (RBS) and Auger sputter profiling (AES) combined with x-ray (XRD) or electron diffiaction provide the information necessary to determine the phase distribution in a reacted film, provided the film is free .of gross lateral nonuniformities [2J. However, most reactions on compound semiconduct.or surfaces result in uniform fi lms under only very restricted conditi.ons, if any. Thus, in order to design uniform thin films for device applications, the mechanisms for the development of lateral irregularities must be determined. In the effort to understand and engineer reacted thin films, electron microscopy contributes two important types .of information: 1) identificati.on of phases (structure and,c'omposition) and 2) determination of the distribution of phases and defects (e.g. dislocations, grain boundaries, interphase boundaries and lateral variations in the native oxide/hydrocarbon layer).
Investigation of a thin film reaction by TEM involves the prepaiation of both plan-view and cross-sectional specimens from each ~ample. Plan-view specimens are usually thinned by chemical polishing from the back side. If the thin film is n.ot attacked by the polishing solution, the specimen geometry will be similar to that shown schematically in Fig. 1 . Of course, the film must.be electron transparent. Consequently, plan-view microscopy is limited to film thicknesses less than -50 nm for dense films such as W to -200 nm for low density materials such as Si (assuming an operating voltage of -200 keV).
If these thickness requirements are met, electron diffraction and imaging of plan-view specimens ·can help to identify phases, determine .orientation relati.onships and investigate lateral uniformity.
The plan-view geometry, h.owever, yields little information regarding the distribution of phases normal to the surface.
Likewise, analytical microscopy results (e.g. energy dispersive analysis of x-rays (EOS) and electron energy loss spectroscopy (EELS)) from plan-view samples are ambiguous unless it has been determined by other means that the film is uniform as a function of depth.
For most studies, the sh.ortcomings of the plan-view geometry necessitate the preparation of cross-sectional TEM speCimens. These speCimens may be prepared by bonding cleaved strips face-to-face with eRoxy followed by mechanical thinning to 40-10011m and finally, ion milling to perforation. Figure 2 depicts these steps in a schematic fashion. A wide variety of additional steps may be added depending on the mechanical properties of the substrate and film. For example: mechanical dimp1 ing prior to ion thinning can reduce specimen preparation time and ensure that the perforation is centered at the interface of interest; the grit size used during the final mechanical thinning step can be increased to increase the amount of thin area at the interface or reduced to produce a more Circular perforation; and the specimen may be mounted on a grid or embedded in epoxy to reduce the risk of damage during handling. The most critical procedure, however, is the final ion thinning step. The choice of ion species, accelerating voltage and specimen -stage temperature may drastically influence the final result. For example, ion milling of InP with argon results in the formation of In droplets on the specimen surface. This problem can be alleviated by milling instead with iodine [3J. For GaAs, rn-illing with argon at 4-5 kV in a stage cooled by liquid N2 generally results in satisfactory samples.
Unfortunately, however, milling conaitions suitable for the substrate may not be suitable for the thin film, particularly if the thin film is a refractory material. Strong interatomic bonds in a refractory material (e.g. W, Ta and TiN) result in a relatively low sputtering rate making it nearly impossible to thin the interfacial region uniformly.
•
• Cross-sectional specimens of samples with zincblende substrates are most commonly prepared with <110> surface normals. This is convenient from the standpoint of specimen preparation since the {IlO} planes are cleavage planes. The principal interest in this orientation, however, is that two sets of {Ul} slip planes may be viewed edge-on, thereby fascilitating the analysis of defect structures. For many applications it is necessary to examine cross-sectional samples with two or more surface normals. In particular, reacted films on (1001 surfaces of zincblende substrates should be examined along [OllJ and [OllJ directions since these directions in the (100) surface are not equivalent. For example, the hexagonal phase, PdxGaAs, which forms during deEosition of Pd onto (100) GaAs is textured with [0001] parallel to [OllJGaAs [4J. Grains with [0001] parallel to [OllJGaAs are not observed. In addition, examination of specimens with <100> surface normals will become increasingly common now that microscopes with point-to-point resolution better than 0.2 nm are available.
Such a specimen configuration allows the resolution of individual columns of anions and cations in zincblende materials. The projected atom positions in the three orientations [OlIJ, [010J and [all] are depicted in Fig. 3 .
The complete battery of TEM techniques may be appl ied to cross-sectional specimens.
Phases may be identified by combining microdiffraction or lattice imaging with EOS from the same region (probe size >10 nm). Furthermore, precise film thickness measurements can be made bY recording a lattice image of the substrate below the interface for magnification calibration. Combined with analysis of plan-view specimens, TEM of cross-sectional. specimens provides a detailed description of the film morphology.
Although one could, in principle, employ TEM techniques exclusively to fully characterize a thin fi 1m reaction, there are two major drawbacks to this approach:
(1) Exclostve implementation of TEM is laborious and time-consuming.
A more efficient approach is to employ RBS, glancing-angle XRO or AES with sputtering for analysis over a matrix of deposition and annealing conditions. Specific samples can then be chosen for detailed TEM analysis. (2) The small area sampled by a TEM specimen may not be representati ve of the average morphology.
Agai n, the application of RBS, AES and XRO should resolve uncertainties related to insufficient sampling. With these caveats in mind, the following examples serve to illustrate the utility of TEM for the analysis of thin film reactions on compound semiconductor surfaces. Emphasis is placed both on situations in which the high spatial resolution of TEM is required and on prob1ems in which TEM data has forced the reinterpretation of previously existing data Obtained by other characterization techniques.
EXAMPLES
The high-resolution and analytical data presented below were acquired with a top-entry JEOL JEM 200CX and a JEOL 200CX TEM/STEM equipped with a high-angle EOS detector, respectively. Both microscopes were operated at 200 keV.
The Ni-GaAs reaction
The following example demonstrates the appl ication of TEM techniques to resolve basic issues such as (1) the composition of a new· phase, (2) the dominant moving species and (3) whether a phase is truely a ternary compound or instead, an intimate mixture of binary compounds. contact. An error in the estimated value of x will be reflected in an error in the predicted amount of GaAs consumed by the reaction.
·3
In an effort to determi ne the value of x we have depos ited Ni by electron· gun evaporation onto chemically cleaned (9:1 01 H20: HC1) (l(JO) GaAs substrates. The thickness of the as-deposited film was measured to be 44 ~ 2 nm by cross~sectiona1 TEM using lattice images of the GaAs substrate for calibration. After annealing at 220°C for 10 minutes in flowing forming gas, approximately 90 percent of the film area (measured from plan-view·· samples) is completely reacted to NixGaAs. Cross-sectional <TEM images show the reacted layer t.hickness to be 88 ~ 2 nm. Therefore, assuming conservation of Ni atoms and a void-free as-depositedNifi 1m, the concentration of Ni in the reacted film should be--50 percent of [N;] in the as-deposited film. By electron diffraction, the NixGaAs unit cell volume was measured to be 0.066 nm 3 • Thus, the hexagonal Ni~GaAs unit cell should contain 3.0 ~ 0.2 Ni atoms.
Fi giJre 4 reveals the cause of the unreacted patches of Ni. It is clear that the thin (-1-2 nm) native oxide/hydrocarbon layer has locally inhibited the initiation of the reaction. Althouoh not desirable from a device standpoint; such a fi 1m morphology allows measurement of the amount of GaAs cortsumed during the reaction (Fig. 5 ). This mea~urement, in turn, yields a result of one Ga and one As atom per unit cell. In addition, the· position of the Qxide layer in Fig. 4 shows that Ni is the dominant moving species. Thus, from simple measurements on one cross-sectional micrograph (albeit the correct one), the nominal composition of the ternary phase has been shown to? be Ni3GaAs rather than Ni2GaAs.
This· is further verified by standard1ess quantitation of EDS spectra from the same samples (Fig. 6 ). Spectra acquired with a probe size smaller than the Ni3GaAs grain size (-20 nm) also provide conclusive evidence that Ni3GaAs isa single phase rather than an intimate mixture of two binClry phases. As an additional check,_ an RBS spectra taken from the sample imaged in Fig. 4 ;s consistant with a simulation using the TEM data as input (Fig. 7) . This result shows that the TEM data is representative of a larger area (> 1mm2) as we 11. -Determination of x has also led to a structural model for Ni3GaAs and has clarified the nature of the higher temperature (> 400°C) "decomposition" into binary Ni-As and Ni-Ga phases [ 9 ] . -The CuC1 (ag.) -CdS reaction This second example serves to illustrate the role of cross-sectional TEM in the identification of interfacial phases which are difficult to detect by other means.
For more than 20 years, the CU2S/CdS solar cell had been regarded as the most promising po1ycrystal1ine thin-film device for terrestrial appl ications.
Unfortunately, the CU2S/CdS system was pl agued with problems of inadequate reproducibility and stability.
The TEM work described below shows that these problems are inherent with this materials system. 4
The CU2S/CdS heterojunction is formed by immersion of CdS (wurtzite structure) into an aqueous CuCl bath at -9SoC [10J. The exchange of Cd++ and Cu+ cations results in the formation of a topotaxial layer of CU2S which shares an (distorted) h.c.p .. sulfur sublattice with the CdS substrate. The copper atoms adopt the compl i cated superstructure of the equilibrium phase, low chalcocite. The irregular film morphology is shown in the plan-view micrograph of Fig. S(a) . Diffraction patterns reveal a nomi na lly nonocrysta 11 i ne low cha 1 coci te fi 1 m (Fi g. S (b)) • Cross-sectional images, however, show that the portions of the interface which are parallel to the CdS basal planes contain a second CU2S phase (Fig. 9) . The structure of the "tetragonal phase" is based on a distorted f.c.c. sublattice. This tetragonal phase is a high-pressure polymorph of the equilibrium low chalcocite phase [11] . Sands et al. [12] have argued that its presence is related to the reduction in the-gradient of lattice parameters which results when a thin film of the tetragonal phase is inserted between low chalcocite and the basal plane of CdS. Since the h.c.p. -f.c.c. structural relationship is nearly ideal only for the basal plane, low chalcocite is found to be the dominant phase for surfaces inclined to {0001} CdS.
From the characterization point-of-view, the tetragonal phase is virtually undetectable by means other than cross-sectional TEM for at least two reasons:
(1) the diffraction spots from the tetragonal phase overlap, to a large extent, the diffraction spots of low chalcocite when examined in plan-view; and (2) although the tetragonal phase/CdS interface areai s comparable to the low chalcocite/CdS interface area, the volume fraction of tetragonal phase in the CU2S layer is extremely low since the bulk of the CU2S is in the form of deep penetrations of low chalcocite near cracks.
. The observation that much of the metallurgical junction is composed of tetragonal phase/CdS interfaces may be itself sufficient to explain the lack of reproducibility in the electronic and optical properties of this anisotype heterojunction [12] .
The Pd-GaAs reaction
This final example shows that TEM techniques are often necessary to conclusively identify phases in ternary systems. In particular, attempts to identify phases by glancing-angle XRO alone can lead to ambiguities.
In the case of a binary system, the available powder diffraction information [13] is usua1ly sufficient to identify phases by XRD. However, the addition of a third component, as in a metal/compound semiconductor reaction can result in the formation of previously unreported phases. For example, XRD studies of the Pd-GaAs reaction were in agreement that a major phase formed during annealing at or below 250°C was PdGa [14, 15] . However, Oelhafen et al, [16J employing TEM and x-ray photoelectron spectroscopy, showed that~he first phase is a ternary compound with approximate composition Pd2GaAs. The Bravais lattice and unit cell dimensions were later determined by Kuan et ale [17J and Sands et ale [IS] . By comparison of the calculated XRD peak Positions for PdGa andPdxGaAs, (Table I) , it becomes clear that the XRD data for 29 > 20° can be completely explained by diffraction from PdxGaAs.
A similar ambiguity in the XRD data makes it difficult to distinguish PdAs2 from a secona ternary phase, Pd4GaAs, by XRD alone [ISJ.
CONCLUSION
As the examples above he 1 p to demons trate, a react i on on a compound semiconductor substrate usually results in an inhomogeneous distribution of product phases. Furthermore, it is likely that some of these phases wlll be new ternary compounds or interface-stabilized polymorphs of equilibrium binary compounds. Thus, complete characterization of a thin film reaction may necessitate the application of TEM techniques in order to acquire both structural and compositional information from regions as small as 1000 nm 3 . In combination with complementary analysis by RBS, AES and XRD, this TEM data can be sufficient to understand and, in some cases, control reactions on compound semiconductor substrates. Fig-4 . Cross-sectional TEM image of Ni patch which remains unreacted after annealing 44 nm Ni on GaAs for 10' min. at 220"C. Native oxide/hydrocarbon layer appears as light band. 6 . Energy dispersive x-ray spectrum from plan-view Ni/GaAs sample ·after annealing at 315"C for 10 min. Fig. 7 . Rutherford backscattering spectra and simulation from sample imaged in Fig. 4 . Fig. 8(a) . Plan-view image of CU2S film formed by immersion of (OOOl)A CdS into CuCl (aq.) at gg"C for 5 sec. CdS substrate has been etched away. Note thick penetrations of CU2S near cracks. (b) Corresponding diffraction pattern. Diffraction spots from the tetragonal phase are arrowed. Note that most tetragonal phase spots overlap with diffraction spots from low chalcocite. Fig. 9 . Cross-sectional TEM image of specimen imaged in Fig. 8(a) . First layer to form was thin skin of low chalcocite (lch) in [643] zone-axis orientation.
Tetragonal phase (tet) is imaged in [OlOJ zone-axis orientation.
Deep penetration of low. chalcocite near crack (see Fig. 8(a) ) is in [010] zone-axis orientation. Note that tet-CdS interface is parallel to CdS basal plan~ (horizontal), whereas lch-CdS interface is steeply inclined. CdS is in [2110] zone-axis orientation. 
